Abstract Cardiolipin (CL) exists as crucial functional phospholipid in mitochondria. The oxidation of CL is concerned with mitochondrial dysfunction and various diseases. As main oxidation products, CL hydroperoxide (CL-OOH) plays a key role in intermediating oxidative reaction. Thus, direct analysis of CL-OOH is of great interest. In the present study, CL and CL-OOH profiles were analyzed in oxidized HepG2 cell lipid via HPLC-Orbitrap MS/MS. Furthermore, the contents of individual molecular species were compared between intact and AAPH-oxidized HepG2 cells. In total, 46 CL and 18 CL-OOH were identified from oxidized cell lipids, while 21 CL and 9 CL-OOH were detected in AAPH-treated cells. Most CL depleted significantly after AAPH inducement, with percentages varying from 8.3% (CL70:7) to 73.7% (CL72:4), depending on fatty acyl composition. While almost all the CL-OOH remarkably increased, among them 68:6-, 72:6-, and 72:7-OOHs were only detected in AAPH-treated cells. CL68:5-and CL68:4-OOH were the most abundant species, while CL70:5-OOH among all the species expressed the highest oxidation percentage of the corresponding CL. Our results showed practical separation, identification, and semiquantitation of CL-OOH species, which could contribute to approaches to lipidomic analysis of CL and CL-OOH, as well as tracing biomarkers in mitochondrial oxidative stress diagnosis.
Introduction
Cardiolipin (CL) is a unique anionic phospholipid with four fatty acyl chains, three glyceryl groups, and two phosphates. It exclusively exists on the bacterial membranes and inner mitochondrial membrane (IMM) of eukaryotes, accounting for approximately 10-15% of all mitochondrial lipids [1, 2] . CL plays critical roles in the maintenance of mitochondrial structure and function, specifically interacting with numerous enzymes involved in electron transport chain (ETC), as well as facilitating the association of respiratory complex into supercomplexes [1, [3] [4] [5] . Meanwhile, CL serves as one of the key factors for mitophagy and apoptosis [6, 7] . The CL relocated on outer mitochondrial membrane (OMM) from IMM acts as a recognition signal for dysfunctional mitochondria, which will finally result in autophagy. Besides, the accumulated oxidized CL on OMM causes the formation of the mitochondrial permeability transition pore (MPTP), which will release cytochrome c from mitochondria and trigger a series of apoptotic signaling [6] .
The oxidation of lipids is widely accepted to play a crucial role in multiple pathological processes. Free radical oxidation is a well-known oxidation process, in which the formation of reactive oxygen species (ROS) acts as the initiation of chain reaction. Since the majority of ROS are the by-products of mitochondrial respiration, mitochondrion is the main source of ROS in aerobic cells [8] . Furthermore, oxidative modifications on mitochondrial macromolecules can cause its dysfunction, which relates to the pathophysiology of various diseases, e.g., the neurodegenerative disorders, including Parkinson's Electronic supplementary material The online version of this article (doi:10.1007/s00216-017-0515-3) contains supplementary material, which is available to authorized users. and Alzheimer's diseases [5, 9] , and cardiovascular diseases (CVD), such as atherosclerosis and stroke [10, 11] .
Being the characteristic lipid class in mitochondria, CL may be particularly susceptible to peroxidation due to the abundant double bonds in the side chains [3] . Free radical oxidation of unsaturated fatty chains produces a variety of oxidized structures, such as lipid peroxides (L-OOH), as the key intermediates of oxidative reactions generally induced by ROS [12] . L-OOH has been known not only being toxic mediators but also exerting diverse biological effects. Therefore, there has been increasing studies on L-OOH in the recent years [13] .
The detection and evaluation of lipid peroxidation are usually achieved by the analysis of secondary lipid peroxidation products, such as thiobarbituric acid-reactive substances (TBARS) and 4-hydroxynonenal [14] . However, a better way to investigate L-OOH is supposed to analyze the original L-OOH directly. Previous studies in our laboratory have shown the analysis of various L-OOH in different biological samples, including hydroperoxides of triglyceride (TG-OOH), phosphatidylcholine (PC-OOH), and cholesteryl ester (CE-OOH) in lipoprotein or plasma samples [15] [16] [17] [18] . Those L-OOH investigated by LC/MS measurements are expressed as biomarkers in the oxidation degree of the sample matrix. In terms of CL-OOH, there have been some reports that successfully determined it in animal tissues based on mass spectrometry, such as injured [19] or irradiated [4] mouse brain, high-fat feeding mouse liver [20] , and γ-radiation-induced mouse lung [14] .
In the present work, CL-OOH in cells under oxidative stress was investigated. The artificial peroxidation products were achieved by in-tube oxidation reaction from both commercial bovine heart CL (BHCL) and the pooled cell extract. For HepG2 cells, oxidation inducement was implemented by the free radical initiator 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH). With the help of HPLC combined with high-resolution Orbitrap tandem mass spectrometry (LC/ HR-MS/MS), the CL-OOH molecular species could be qualitatively analyzed, and CL-OOH levels in different cells could be semi-quantitatively compared.
Materials and methods
Chemicals BHCL (mainly CL(18:2) 4 ) standard was purchased from Sigma-Aldrich (St. Louis, MO). LC/MS grade hexane, chloroform, isopropanol, methanol, and water were purchased from Wako Pure Chemical (Osaka, Japan). Other chemicals and reagents were of analytical grade and purchased from Kanto Chemical Industry (Tokyo, Japan) unless specified.
Preparation of CL(18:2) 4 -OOH from BHCL BHCL was dissolved in 1.0 mL MeOH and incubated with 0.5 μM CuSO 4 and 0.6% H 2 O 2 (v/v) at 37°C for 2 h in order to achieve artificially oxidized products, as previously described [15, 18, 21] . The sample after reaction was dried under vacuum immediately, followed by dissolving in MeOH and centrifuging to remove any insoluble prior to LC/MS analysis.
Cell culture
HepG2 cells were purchased from RIKEN BRC cell bank (Ibaraki, Japan) and maintained regularly in DMEM (Gibco) supplemented with 10% FBS (Sigma) and 1% penicillin/ streptomycin (Gibco) in the incubator at 37°C, 5% CO 2 concentration, and 95% relative humidity. Cells were cultured in the 4-well plates at 90% of confluence and then treated with 10 mM AAPH. After 24 h, cells were harvested by treating with trypsin-EDTA solution at 37°C for 5 min, then collected by a centrifugation under 500g at 4°C for 5 min. After washing with 1× PBS, cells were frozen at −80°C before lipid extraction.
Total lipids extraction
The extraction procedure was according to Hara et al. [22] . Briefly, approximately 1 × 10 7 cells were extracted with hexane/isopropanol 3:2 (v/v, with 0.05% BHT) twice, followed by combination of extract and dryness under vacuum to get the total lipids. The dried lipids were then dissolved in MeOH, centrifuged at 15,000 rpm at 4°C for 15 min to remove any insoluble, and stored at −80°C until use.
Preparation of artificial CL-OOH from HepG2 cells
The lipid extract from pooled HepG2 cells was employed in the preparation of cellular CL-OOH standards. Subsequently, the separation of total CL was carried out on an aminopropylbonded silica gel cartridge (NH 2 -cartridge, 500 mg/3 mL, GL Sciences, Tokyo, Japan) according to the literature [23, 24] . To be specific, the extract was dissolved in 3 mL hexane/ chloroform/methanol (95:3:2, v/v/v) and then loaded on the cartridge, which was preconditioned with 6 mL the solution of sample dissolution. Then the cartridge was washed with 6 mL hexane/diethyl ether/acetic acid (80:20:3, v/v/v) followed by 6 mL chloroform/methanol (2:1, v/v) to remove nonpolar lipids and neutral phospholipids such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE). Next, the cartridge was washed with 6 mL chloroform/methanol/28% NH 4 OH (4:1:0.1, v/v/v), 6 mL chloroform/methanol (4:1, v/v, with 0.05 M NH 4 Ac), and 6 mL chloroform/methanol (4:1, v/v, with 0.2 M NH 4 Ac) to collect total CL, together with other anionic phospholipids.
After dryness, the obtained total CL component was treated with CuSO 4 /H 2 O 2 to transform into the mixture of CL and CL-OOH, as described above in BPreparation of CL(18:2)4-OOH from BHCL^section.
LC/MS conditions
Chromatographic separation was performed with a Shimadzu Prominence HPLC system, equipped with an LC-20AD ternary pumping system, SIL-20A autosampler, and CTO-20A column oven maintained at 40°C (Shimadzu Corp.), together with an Atlantic T3 column (2.1 × 150 mm, 3 μm, Waters, Milford, MA). Gradient elution was performed with a mobile phase composed of 5 mM aqueous NH 4 Ac (solvent A), isopropanol (solvent B), and methanol (solvent C) at a flow rate of 200 μL min . The LC eluting program run as follows: 0-2 min 10% A, 12% B, and 78% C; 2-11 min 5% A, 50% B, and 45% C; 11-21 min 5% A, 60% B, and 35% C; 21-26 min 5% A, 70% B, and 25% C; 26-26.5 min returned to initial gradient and then kept to 28 min.
Mass spectrometric experiments were operated using an LTQ Orbitrap mass spectrometer (Thermo-Fisher Scientific Inc., San Jose, CA) in ESI negative mode, with a capillary voltage of −3.0 kV. The capillary temperature was set at 330°C. The sheath gas (nitrogen) flow was 50 arbitrary units, and the auxiliary gas (nitrogen) flow was 5 auxiliary units. The MS 1 data were obtained over mass range of m/z 900-1650 in Fourier transform (FT) mode with resolving power 60,000, while the isolation width of 2.0 Da was used with a 30-ms activation time for MS/MS experiments in ion-trap (IT) mode. The tandem MS data were acquired using collisioninduced dissociation (CID) by data-dependent mode, which included scans on the most intense ions in MS 2 (collision energy of −35 V) and MS 3 (collision energy of −45 V), respectively.
Data analysis
HR-MS and tandem MS identification were executed by Xcalibur Qual Browser 2.2 (Thermo-Fisher Scientific Inc.). The extracted ion chromatograms (EICs) were drawn within the mass tolerance set at 5.0 ppm. The alignment, peak extraction, and peak area integration from the raw data were utilized by SIEVE 2.0 (Thermo-Fisher Scientific Inc.), the MS-label free differential analysis software package. Main parameters were as follows: frames, 10 K; m/z window, 0.01 Da; retention time window, 1.00 min; intensity threshold, 10,000. GraphPad Prism 6.0 was used for statistical analysis, which was conducted using the unpaired two-tailed t test. P < 0.05 was considered to be statistically significant. All data were presented as the means ± standard deviation (SD).
Results and discussion CL-OOH identification from the oxidized BHCL
In order to identify the authentic CL-OOH and acquire its MS spectrum, BHCL was treated with CuSO 4 /H 2 O 2 prior to LC/MS analysis. The chromatogram of the oxidized BHCL compared with the intact is shown in Fig. 1 . The dominant CL species was CL72:8 (RT: 12.90 min), followed by CL72:7 (RT: 13.47 min) and CL72:6 (RT: 13.74 min), which was observed in both chromatograms. Moreover, the obvious difference occurred at 7-12 min, where a series of oxidized CL were detected (Fig. 1b) , as they are less hydrophobic and thus eluted earlier due to the additional oxygen-contained groups.
The HR-MS and tandem MS data of the oxidized CL signal area along with the CL72:8 peak were presented in Fig. 2 (Fig. 2c) , which was in agreement with Maciel et al. [25] . In terms of CL72:8-OOH, the extra signal of m/z 727 and m/z 863 in MS 2 suggested (Fig. 2d) was much higher than that in MS 2 of m/z 1447 (Fig. 2c) , indicating the loss of water came from cleavage of hydroperoxyl group. In addition, in Fig. 2d , the m/z 1391 indicated the linkage of the hydroperoxyl group to C-13 position, which was in accordance with the previous reports [26, 27] 
Profile of CL and CL-OOH from HepG2 cells
In order to investigate the cellular CL and CL-OOH characteristics, we performed the oxidation experiment for the pooled HepG2 cell lipid extract. Since cellular lipids composition is quite complex, the CL component was purified and concentrated via SPE before oxidation. After that, the mixture of CL and their oxidation products were separated and identified by LC/MS and MS/MS. A total of 46 CL were detected based on chromatographic properties as well as HR-MS [M-H] − ions, among which 46 molecular species were elucidated (shown in Table 1 ). The identification of molecular species could be confirmed by tandem MS fragments (See CL70:5 as an example in Fig. 3a-c) .
At the same time, there were 18 CL-OOH detected by LC-HR-MS, which were listed in Table 2 . However, in terms of tandem MS analysis, the fatty acyl signals did not appear in MS 3 spectra; therefore, the position of hydroperoxyl group could be determined only by comparing the fragment differences of m/z 400-900 area with the corresponding CL molecular species. Taking − , suggesting the hydroperoxyl position at the BPA36:3 side.^At the same time, the hydroperoxyl group linkage position was decided at C-13 position based on the signal of m/z 1369. Besides, it was observed that the hydroperoxyl group tended to yield carbonyl group by dehydration, which could explain the high intensities of m/z 1421 and m/z 711. Additionally, the signals of m/z 429 and m/z 447 in MS 3 indicated the loss of FA18:2-OOH from the PA36:3-OOH fragment. In this way, the CL70:5-OOH molecular species could be identified as CL16:1/18:1/18:2-OOH/18:1 (Fig. 3a, b, and 
d). All the [M-H]
− EICs of the listed CL and CL-OOH above were stacked and shown in 
CL and CL-OOH profile changes after AAPH-oxidation in HepG2 cells
The CL-OOH together with CL profile comparison among the intact and AAPH-treated cells were based on MS peak intensities computed by SIEVE, which was previously introduced and applied in CL semi-quantitative analysis [28] . The two groups exhibited same CL composition of 21 molecular species but differed significantly in their relative contents (P < 0.05 for the correlated CL species), which is shown in Fig. 5a . In intact HepG2 cells, CL66:4, CL68:4, and CL64:4 were the dominant molecular species accounting for 24.65 ± 1.42, 16.52% ± 1.58, and 11.36% ± 0.85%, respectively. TLCL, being considered as the major CL in liver tissue [29, 30] , became the minor species in the present experiment (0.13 ± 0.01%). Our data were consistent with Zhong's results that in cancer cell lines such as Huh7 and HepG2 cells, the majority of CL fatty acyl chains were saturated or monounsaturated fatty acids [31] .
The current results demonstrated the depletion of CL under AAPH-induced oxidation stress, which was in agreement with previous studies on fatty acid-treated rat cardiomyocytes [32] and NASH-model mice kidneys [33] . Among these detected CL, the CL72:4 lost the most in comparison with the intact group (73.7 ± 9.0%), followed by CL70:4 (69.3 ± 10.8%), CL70:5 (62.0 ± 4.6%), and CL70:3 (60.0 ± 6.2%), while CL70:7 and CL66:5 ranking the least lost ones only decreased by 8.3 ± 6.7 and 13.0 ± 9.5%, respectively. Combined with their fatty acyl chains composition identified by tandem MS (see Table 1 ), the current results indicated that the CL loss percentage positively correlated with the number of C18:1 acyl chain, with an R 2 of 0.6323, at the same time showing a weak negative correlation with C18:2 (R 2 = 0.3962), as shown in Fig. 6 . However, the other fatty acyl composition showed very low or no correlation with CL loss (with R 2 of 0.0644 for C16:0 and 0.0002 for C16:1, respectively).
More importantly, a total of nine CL-OOH were detected in the present cell experiment (Fig. 5b) . Among them CL68:6-OOH, CL72:6-OOH and CL72:7-OOH were found only in AAPH-treated groups. The overall CL-OOH peak intensities reached only thousandth of the CL intensities, indicating a trace concentration in our samples. Similar results could be seen in the literature that approximately 0.12% of CL oxidized to its oxidation products in LDLR KO mice liver after high-fat feeding [20] . Nevertheless, it was clearly observed that all the CL-OOH accumulated significantly after oxidation inducement except for CL70:4-OOH. The most abundant CL-OOH were CL68:5-OOH and CL68:4-OOH, with the intensity of 6.24 × 10 5 ± 1.62 × 10 5 and 5.98 × 10 5 ± 0.83 × 10 5 , while CL70:5-OOH ranked the highest in the intensity percentage of the corresponding CL, accounting for 1.20 ± 0.18% of CL70:5. The significance of CL-OOH elevation implied it as potential biomarkers for diagnosing cellular and mitochondrial oxidation along with the related pathological changes.
Since the content of each CL-OOH molecular species was successfully semi-quantitated and compared individually, the correlations between CL-OOH accumulation and fatty acyl composition were then calculated. The fatty acyls C16:1, C18:0, and C18:1 showed little correlation with CL-OOH content (R 2 of 0.2784, 0.1652, and 0.0024, respectively). Meanwhile, there were no meaningful correlations between fatty acyls and CL-OOH percentage of CL (R 2 = 0.1881 for C16:1, 0.0442 for C18:0, and 0.3208 for C18:1 respectively). Our results were different with Tyurina's report that peroxidation was easier to occur in the CL species with PUFA of two and more double bonds [14] . It might due to different biological samples and oxidation methods.
Moreover, it should be noted that there were only monohydroperoxides of CL under the current analysis. In a b Fig. 5 Comparison of CL (A) and CL-OOH (B) contents between intact and AAPH-treated HepG2 cells (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001 vs intact. On panel A, the values above CLs' bars represent the percentages of each molecular species in total CL, and the red dotted line shows the loss ratio of CLs after AAPH treatment. While on panel B, the blue dotted line shows CL-OOH ion intensity percentage of the corresponding CL after AAPH treatment the previous study on photo-oxidized CL liposome by Kim et al. [27] , not only monohydroperoxides but also bis monohydroperoxides and di-OOH dihydroperoxides were detected. In our opinion, the types of hydroperoxides depend on oxidation methods, which can generate different types of ROS. There have been reports demonstrating that singlet oxygen is generated in vivo and contributes to oxidative stress [34] , which can be produced by AAPH, Cu 2+ , and photooxidation. Besides, Cu 2+ and H 2 O 2 can also produce the highly reactive ROS singlet oxygen, thus contributing to yield higher productivity and be helpful to explore the diversity of CL-OOH. In addition, chemical or biological matrix of the samples could affect lipid oxidation process by free radical attack. Lipid oxidation process in living cell environment is much more complex than the nonbiological matrix, such as liposome or compound standard. Herein, our work provides a practical approach to investigating CL and CL-OOH in cells, which will also possibly extend to other biological samples, such as tissue and organ.
Conclusion
In this study, CL and its oxidation products were systematically profiled by LC-HR-MS/MS from BHCL and HepG2 cell lipid extract, as well as AAPH-treated HepG2 cells. The exposure of HepG2 cells to AAPH caused metabolic changes of CL depletion and CL-OOH accumulation, which could be regarded as the result of cellular oxidation stress. The present work contributed to the lipidomic analysis of CL and CL-OOH molecular species, which may be helpful toward a better understanding of biological oxidation process, especially lipid metabolic variation of mitochondrial dysfunction. The CL-OOH could also be considered as potential and intuitive biomarkers of disorders and diseases involved with CL peroxidation. The future challenge will focus on synthesizing a serious of CL-OOH species standards and developing a quantitative profiling.
